Doping a two-dimensional semiconductor with magnetic atoms is a possible route to induce magnetism in the material. We report on the atomic structure and electronic properties of monolayer WSe 2 intentionally doped with vanadium atoms by means of scanning transmission electron microscopy and scanning tunneling microscopy and spectroscopy. Most of the V atoms incorporate at W sites. These V W dopants are negatively charged, which induces a localized bound state located 140 meV above the valence band maximum. The overlap of the electronic potential of two charged V W dopants generates additional in-gap states. Eventually, the negative charge may suppress the magnetic moment on the V W dopants.
netism up to room temperature. However, for the former material the structure seems to change with thickness 10 , whereas for the later the competition between different possible ground states may hinder the development of the ferromagnetic order 12 . An alternative approach would be to perform magnetic doping of SC-TMD by substituting 3d transition metal atoms on the M site, to create a 2D diluted magnetic semiconductors 13-20 . Among the possible candidates, vanadium is especially appealing. Its incorporation in the M sites has been demonstrated 21, 22 , and a ferromagnetic behavior in moderately doped samples has been reported 22,23 . Moreover, ab-initio calculations predict that in the ferromagnetic state there is a significant (∼ 100 meV) lifting of the valley degeneracy at the K/-K points in the Brillouin zone 24 , suitable for valleytronics.
In this letter, we report a study by local probe techniques of V-doped WSe 2 monolayers grown by molecular beam epitaxy (MBE) on epitaxial graphene on SiC. Scanning tunneling microscopy and spectroscopy (STM/STS) is an adequate technique for detecting point defects in 2D SC-TMD and for probing their local electronic structure [25] [26] [27] [28] [29] [30] . With the support of additional scanning transmission electron microscopy (STEM) analysis, we identify isolated V atoms substituted on W sites (or V W dopants) in the V-doped sample, in agreement with the literature 21,22 . Our STM/STS data reveal that the substitutional V W dopants are negatively charged, and that the resulting localized repulsive potential induces a bound state of diameter ∼2.2 nm, located ∼ 140 meV above the VBM. For closely spaced V W atoms, the number and the binding energies of the bound states increase, as a consequence of the overlap of the repulsive potentials from each ionized dopant. The charging of the V W dopants results from two effects. Firstly, the V atoms should have an acceptor character 22 (as for Nb 31 ), with an empty state just above the VBM in the neutral state as confirmed by density functional theory 16, 18, 21, 24, 32, 33 . Secondly the electrical contact with the graphene substrate sets the position of the Fermi level of pure WSe 2 well above the valence band edge 34-36 , favoring a charge transfer to such acceptor state. Our result thus highlights the role of the environment in controlling the charge state of the V W dopant. This is a crucial point for magnetic doping of SC-TMD since the charge state of the 3d dopant atom significantly alters the ferromagnetic state of the system, as predicted by ab-initio calculations 14,21,37 .
2D-WSe 2 flakes including a nominal amount of 3% of vanadium atoms were grown by MBE on epitaxial graphene (EG) on SiC-Si face. All the STM/STS experiments were performed at 8.5 K 38 . From large scale STM images, we find that the monolayer TMD flakes present a large amount of individual species. They are abundant on our sample, but are mostly absent in the pristine TMD material 38 . As shown below, we ascribe them to the successful incorporation of substitutional V W dopants in the 2D-WSe 2 matrix.
We first focus on the apparent STM diameter and height of one of these individual V dopants. On the images at negative and positive sample bias ( Fig. 1a and Fig. 1b respectively), the atomic lattice of the TMD layer is clearly resolved, with a lattice constant 0.33 nm. We find that the V dopant has a perfectly isotropic shape, with a sizable apparent diameter (2.30 ± 0.10 nm), i.e. ∼ 7 times larger than the TMD lattice constant. Moreover, the STM contrast of the dopant is reversed when the sign of the sample bias is changed, as shown in Figs. 1a and 1b (see also Ref. 38 ), and on the z profiles of Fig. 1c . Eventually, since the atomic pattern of the TMD shows up even in the central disk associated to the dopant, we conclude that the surface Se atomic remains intact over the V atom. This points to an embedded dopant within the TMD layer.
We have cross-checked the presence of V W dopants in such MBE-grown WSe 2 samples, by In order to address the full electronic structure of the individual V W dopants, we performed local tunneling spectroscopy measurements. Figure 2a presents typical dI/dV (V ) spectra obtained for two V W dopants (labeled B and C in the inset). These dopants belong to a monolayer WSe 2 flake lying on single-layer graphene (SLG). The additional black curve in Fig. 2a is a reference spectrum recorded on the 1L-WSe 2 flake away from the dopants 38 .
As shown in Fig. 2b 2), we find that they are quantitatively very similar, confirming that the dopants have the 4 same nature. They both exhibit several resonances within the valence band states of the TMD. One pronounced dI/dV peak, centered at at -1.16 ± 0.02 V, shows up just below the VBM. Remarkably, a second conductance peak of weaker amplitude is also found (at -1.01
± 0.02 V as indicated by a * sign), clearly located within the TMD bandgap. We conclude that both V W individual dopants of Fig. 2 present an in-gap state (i.e. a bound state), lying 0.14 ± 0.02 eV above the VBM of the 2D-TMD. This is a robust and systematic result, associated to most of the individual V W dopants 38 .
We present in Fig. 3 a full characterization of another V W dopant on a different TMD flake, here lying on a bilayer graphene region. The dI/dV (V ) spectrum associated to this dopant also indicates a bound state lying ± 0.14 eV above the VBM (see Ref. 38 ). To determine its lateral extension, we performed spectroscopic measurements along a 10 nm-long line crossing the single V W dopant (indicated by the arrow in the inset). The corresponding conductance map dI/dV (x, V ) is shown in Fig. 3a . The bound state, indicated by the horizontal arrow, extends over 2.2 ± 0.1 nm.
From the conductance map shown in Fig. 3a , another important result is established:
Close to the V W dopant, the STM detects spatial variations of the different band onsets (Γ peak, VBM and CBM) of the 2D-TMD. It is possible to determine such band bending quantitatively, outside the 2.2-nm wide perturbation-region centered on the dopant 38 . We show in Fig. 3b two spectra respectively measured at 2.50 nm (green curve) and 3.75 nm (red curve) away from the dopant. The spectra look very similar, but a shift of 30 mV is necessary to align them at best. Obviously, there is an almost rigid shift of the band structure of WSe 2 by +30 meV when approaching the defect by 1.25 nm. We present in of such dopants separated by short distances. As shown in Fig. 4 , we collected STS data on a dimer made of two individual dopants separated by only 1.3 nm (labelled 1.3 nm dimer in the following). Such a dimer is shown in Fig. 4a , together with one individual V W dopant (located below the white arrow). We have checked in Ref. 38 that this individual dopant presents the same spectroscopic features as those reported in Figs. 2 and 3. We have then performed STS measurements along the long axis of the 1.3 nm dimer (i.e. along the green arrow in Fig. 4a ). The resulting dI/dV (x, V ) map is shown in Fig. 4b In such a configuration, the electrostatic potentials of the closely spaced dopants overlap. Hence the potential well for the holes is wider and deeper for the dimer than for the individual dopant. As a consequence, additional and more strongly bound hydrogeniclike in-gap states can show up 43 , and we ascribe the peaks labelled 1,2,3 in the spectra of 
